A rise in cotton boll rot in south Texas has been generally associated with increased yield losses. Here, we measured boll rot incidence during two growing seasons (2011 and 2012) at a south Texas (Kleberg County) research farm Variety Trial and in producer fields. The Variety Trial was conducted to compare boll rot susceptibility between five current cultivars. The commercial fields surveyed were located along the Coastal Bend (Wharton County) and Rio Grande Valley regions (Cameron and Willacy Counties). Bolls with evidence of external damage potentially inflicted by piercing-sucking insect vectors were dissected for disease detection and plated for microorganism isolation and characterization. Microbial isolates were putatively identified based on standard fatty acid methyl ester profile analysis. In the Variety Trial, the highest incidence of disease occurred in July for both growing seasons, and significant differences in susceptibility to boll rot between cultivars were determined (P < 0.05). The highest boll disease incidence was 28% in August 2012 for the Coastal Bend region and also 28% but in June 2011 in the Rio Grande Valley. Bacillus species were predominately isolated and associated with boll rot for all the fields studied over the 2 year period. This is the first report to directly study the occurrence of boll rot in south Texas and associate Bacillus spp. as a potential and prevalent causative agent(s).
the United States, China, Australia, India, Egypt, and African tropics [1] . In 2010, the United States harvested 10.7 million cotton acres with Texas producing over half of that total acreage [2] . In Texas, cotton is the leading cash crop grown on over 5 million acres [3] . In 2016, the cotton acreage planted is predicted to increase by about 6% [4] . The south Texas Coastal Bend and Rio Grande Valley regions produce approximately 11% of the state's total cotton crop [3] .
Loss of cotton due to boll rot varies from year to year presumably due to weather conditions, insect vector pressure, pathogen presence, and geographic location [5] [6] [7] [8] . Between 2010 and 2011 there was an estimated yield loss of 100,153 to 182,708 bales of US cotton due to boll rot [9] [10] and the trend has since continued. Boll rot is a term used to describe various symptoms or reactions to infections by various plant pathogenic microorganisms affecting developing cotton bolls [11] . Beginning in 1999, a non-traditional rot has had a significant negative economic impact in US cotton yields [12] [13] . Disease symptoms occur primarily in the inner boll with the outer boll inconsistently symptomatic. The inner boll infection was reportedly associated with opportunistic bacteria with Pantoea agglomerans as the main agent in certain regions [14] [15] [16] .
The objectives of this study were to measure the prevalence and incidence of boll rot, and putatively identify the microbial isolates associated with the disease and determine their pathogenicity. A variety trial was planted to determine if there was a difference in susceptibility of cotton boll rot between different cotton cultivars. Additionally, commercially produced cotton fields in the Coastal Bend and Rio Grande Valley were surveyed to regionally determine the distribution of boll rot. This baseline study is the first to specifically chronicle boll rot to in the region. Ultimately, this work will assist in understanding infection dynamics for development of a predictive infection model for use as guidance by producers to minimize yield losses to this malady.
Materials and Methods

Cotton Plants
The variety trials were grown at the Texas A&M University, Kingsville (TAMUK) Research Farm in Kleberg County. The five commercial varieties of cotton used included Fiber Max (FM) 840B2F, FM 1740B2F, Delta Pine (DP) 1048B2RF, DP 1044 B2RF, and Phytogen (PHY) 375. Cotton seed were planted in March for both 2011 and 2012. In 2011, four rows of each variety were planted in a randomized complete block design, replicated three times on 76 cm beds. In 2012, four rows of each variety were planted in a randomized complete block design, replicated four times on 90 cm rows. All plots had a seeding rate of 4 -5 seeds per 30 cm (3600 plants total in a plot).
Limited furrow irrigation was provided throughout both years to assist with crop development. Glyphosate herbicide (Agri Supply®, Garner, NC, USA) was applied both years late April by an over-the-top application at the 4 -5 leaf stage at 0.65 ml per acre for weed control and supplemented with manual picking. Daily meteorological data collected by the National Weather Service's National Oceanic and Atmospheric Ad-ministration (www.noaa.gov) was used in the study.
The commercial fields were located in a Coastal Bend county (Wharton) and two Rio Grande Valley counties (Cameron and Willacy). Producer fields were planted and maintained by owners according to their specifications. Bolls were collected with the farmer's permission.
Boll Collections
In both seasons and from all fields, bolls with apparent damage by insect pests that feed using a piercing-sucking mechanism (i.e. stink bugs, plant bugs, etc.) were collected periodically following first bloom beginning in June and continuing through August.
Evidence of insect feeding included dark colored, sunken lesions on the outer wall.
Damaged bolls were randomly collected leaving 3 cm of the petiole attached after entering 6 m into the field and sampling every 10 -15 paces. Depending on damage incidence at least 40 bolls per field were collected and all samples were transported to the TAMUK laboratory for analysis.
Cotton Boll Analysis
Boll processing procedures essentially followed Medrano et al. [17] . Briefly, the petiole and bracts were discarded, and the bolls were placed in a 10% sodium hypochloride solution for 10 min with stirring every 2 min, and then rinsed in water for 5 min. With an alcohol dipped and flamed sterilized razor blade, the peduncle and boll apex were cut and discarded. An incision was made between each suture of the boll to separate the boll into its component locules (3 -5 per fruit). Sterile forceps were used to separate the locule from the boll wall. The inner boll wall was inspected for sucking insect puncture wounds, and the seed and lint observed for disease symptoms. Boll locules were scored using a scale system ranging from 0 -4. The scale consisted of 0 (no disease symptoms), 1 (1 to 24% disease), 2 (25 to 49%), 3 (50 to 74%), and 4 (75 to 100%) (Figures 1(a)-(d) ). Approximately 0.5 g of damaged seed with attached lint was triturated in 1 ml of sterile water and 10-fold dilution plated on Tryptic Soy Agar (TSA; St. Louis, MO). Microbe growth was assessed following an incubation period of 48 h at 27˚C in darkness.
Remote colonies were purified and stored in glycerol using methods described in Medrano and Bell [18] . Identification using Fatty Acid Methyl Ester (FAME) profile analysis [19] was conducted at the Texas Plant Disease Diagnostic Lab (TPDDL) in College Station, TX. Putative species identification was determined by match to the Sherlock Version 4.5 (0209B); TSBA 40 4.10 library as measured by the Similarity (SIM) index to the database for bacteria. Only matches that were greater than 70% were considered acceptable to genus categorization for this study.
Pathogenicity Testing
Cotton plants (DeltaPine 1555) were grown and maintained in a greenhouse following the methods described in Medrano and Bell [18] . Bolls that were at a maturity of 12 -16 days were used in infection tests. Commonly isolated bacteria were chosen for pathoge- a documented boll rot pathogen vectored by piercing-sucking stink bugs [15] . Water inoculations were used as negative controls. Two weeks after inoculating, boll were harvested and rated for severity symptoms.
Statistical Analysis
Data analyses were conducted in Statistical Analysis System (SAS) Version 9 [20] . The GLM procedure was run among individual sampling locations with dependent variables being means of punctures per locule in a boll and disease to identify interactions between cotton varieties and collection dates, and to identify means of varieties and collection dates protected by Least Significant Differences (LSD) lines. Additionally, an analysis was conducted to identify any significant differences amongst the dependent variable, locations, within the independent variables, varieties, puncture per locule in a boll, and disease. LSD lines protected means of location, variety, and collection dates with confidence levels considered significant at P ≤ 0.10.
Results and Discussion
Cotton Boll Collections
Variety Trial-Kleberg County, TX research farm. In the 2011, 550 bolls were col-lected and dissected. Boll rot was observed throughout the season. The highest boll rot incidence was 67% from the pooled variety collections (Table 1) . In 2012, 800 bolls were analyzed and rot was observed throughout the season reaching 23% (Table 1) . Interestingly, during both years boll rot was the highest during the first week of July which may be related to early boll developmental stage susceptibility. From the 2011 growing season significant differences were observed in the number of punctures per locule in a boll over collection dates and among trial varieties ( Figure   2 and Figure 3 ). Punctures per locule from the first collection date were significantly lower than the later samples (P < 0.10, Figure 2 ). There was a 1.4 increase in the number of punctures/locule observed between 20 June (μ = 0.42) and 7 July (μ = 1.8). A slight increase in mean punctures/locule were observed on 22 July, with another increase on 28 July, followed by a slight decrease in the amount of punctures per locule observed in bolls collected on 4 August 2011. when sorghum was also planted in the Kleberg county research farm.
There was a significant (P < 0.1) increase in the severity of disease observed from 19
June (μ = 0.13) to 28 June 2011 (μ = 0.45; Figure 5 ) from the overall Variety Trial collection. Statistically significant differences were calculated in the severity of disease between varieties in 2011 (P < 0.1, Figure 6 ). Specifically, DP 1048B2RF (μ = 0.6) had a significantly higher disease incidence than DP 1044B2RF (μ = 0.3, Figure 6 ). The average severity of disease observed was equal to one and thus, low among the bolls collected from the varieties. The difference in boll susceptibility to disease based on the cotton variety could be used to determine which types are best suited for the region.
Disease severity was not significantly different during the 2012 overall boll collect data from the Variety Trial (P = 0.5327, Figure 7 ). Throughout the 2012 season disease severity was relatively low, with the 3 July collection (μ = 0.14) exhibiting the Statistical differences were detected in the disease incidence from the Coastal Bend field collection for the 2012 season (P < 0.1, Figure 9 ). The August (μ = 0.43) collection was significantly different from the earlier 26 June (μ = 0.15) and 18 July (μ = 0.7) collections, with a substantial increase in disease severity of 0.28 from July to August. Incidentally, the increased rot may be related to 3.5 cm of rainfall recorded in early July that provided moisture that is generally conducive to boll pathogen propagation.
Rio Grande Valley (Cameron and Willacy Counties, TX) producer survey. During 2011, disease was observed in the sample collections from the Rio Grande Valley fields with the highest incidence of 28% in June and dropping to 7% by the end of July (Table 3) . Out of the 205 bolls collected in 2012, boll rot incidence reached 20% (Table   3 ). Generally, boll rot incidence was detected for both seasons sampled.
There were no significant differences in punctures per locule observed in the Rio Figure 10 ).
Significant differences were observed in 2012 in mean punctures per locule through- out the Rio Grande Valley (P < 0.1). In the same year, the mean punctures for the 16
July (μ = 0.65) collection was significantly higher than from the 6 June (μ = 0.043) and
19 June (μ = 0.133) collections (Figure 11 ). This indicated that a steady influx of insects invaded the fields and thus, future boll rot work should consider concurrent sucking bug populations. There were no significant differences observed in disease incidence among collection dates during 2011 (P = 0.4479). Regardless, there was a noticeable decrease in the number of diseased bolls midseason from the 20 July (μ = 1.14) to the 28 July 2011 (μ = 0.1, Figure 12 ) collections.
In 2012, no significant differences were determined for disease occurrence in the Rio
Grande Valley collections (P = 0.5464). However, there was a steady increase in the mean disease severity in locules from bolls sampled from 6 June to 3 July (Figure 13 ).
Weather
Boll rot was detected in all of the fields surveyed during both the 2011 and 2012 seasons despite limited rainfall. Water availability can impact plant vigor [21] [22] [23] [24] [25] . Thus, disease susceptibility may partially be attributed to boll rot differences between these two 
Microorganism Characterization
Based on the FAME analysis, bacterial isolates from the Variety Trial, and Coastal Bend and Rio Grande Valley boll surveys for both the 2011 and 2012 growing seasons consisted of a variety of bacterial genera. By far the majority of the isolates from the boll collections for both years were categorized as Bacillus spp. (Figure 14) . Upon puncture inoculation of greenhouse bolls with these isolates, an inner boll disease with symptoms comparable to the field collected bolls occurred. Boll inoculations using water as the control resulted in the absence of disease symptoms with the inflicted effects comparable to Medrano and Bell [17] .
Various putatively identified bacterial genera not typically considered plant pathogens were recovered from the boll collections including Alcaligenes, Kocuria, Salmonella, Staphylococcus, and Shewanella. Bacterial genera identified from the survey that are associated with cotton boll rot and were not consistently isolated consisted of Brevabacillus, Chryseomonas, Proteus, Citrobacter, Paenibacillus, Citrobacter, Coryenbacter, and Psychrobacter. Inoculations with representatives of the listed isolates resulted in various levels of boll disease. More detailed work on boll infections caused by the above listed isolates is ongoing. 
Conclusions
The incidence of boll rot and disease severity was greater in 2011 than 2012 for the Va- Figure 4 ) and disease severity of 0.14 ( Figure 7) . Interestingly, the 16 July 2012 collection from the Rio Grande Valley counties had the highest average number of punctures per locule at 0.65 (Figure 11 ), yet, the average disease severity for that collection date was not correspondingly the highest. Instead, the maximum average disease severity for the collection date occurred on 3 July 2012 ( Figure 13 ). The inconsistency in punctures and disease severity may be explained by the fact that although insects are pathogen vectors, those not harboring pathogens only limitedly damage bolls and disease will be absent [15] . Thus, a limitation of this work was that piercing-sucking insects were not collected to determine whether they harbored cotton boll pathogens.
Several bacterial isolates were associated with cotton boll rot in south Texas. However, Bacillus was the most prevalent bacterial genera identified in the south Texas collection areas during both 2011 and 2012 ( Figure 14) . Bacillus has been reported to be capable of inflicting boll rot previously [28] . Based on the results from this study, further research should be conducted to elucidate potential trends in the cause(s) of boll rot disease agents. A factor that likely affects cotton production that needs to be analyzed is populations of piercing-sucking cotton insect pests in the same regions. Brewer et al. [29] associated the Verde Plant Bug, Creontiades signatus, an emerging important sucking pest of cotton in south Texas with transmission of boll rot microorganisms.
Also, previous research has reported that opportunistic strains of Pantoea agglomerans are vectored by sucking stink bugs into bolls causing inner boll rot [15] [30] . Collec-tively, the knowledge gained by this work and future research shall provide data to develop a predictive disease model that considers climate and pest populations to predict boll rot incidence and prevalence to properly consult producers.
